Building on these initial observations, we here procially puzzling. The first is the existence of multiple TSE vide long-sought direct biophysical evidence that spephenotypes (prion "strains") within the same mammacies-and strain-dependent seeding specificities of mammalian prion amyloids are fully encoded in distinct fibril conformations, and that cross-species seeding
Introduction
Recently we have shown that fundamental aspects of mammalian prion propagation, including the species The prion diseases, or transmissible spongiform enbarrier and strain variation, can be reproduced in vitro cephalopathies (TSEs), are a group of fatal neurodein a highly efficient seeded fibrillization of a diseasegenerative disorders of mammals. Pathogenesis in associated prion protein variant Y145Stop (PrP23-144) these unusual diseases is associated with a conforma- (Vanik et al., 2004) . This study, performed with purified tional rearrangement of the cellular prion protein (PrP C ) recombinant PrP23-144 of human, mouse, and Syrian to an abnormal "scrapie" conformer, PrP Sc (Aguzzi and hamster, revealed that there is very strong amino acid Polymenidou, 2004; Collinge, 2001 ; Prusiner, 1998; Weisssequence specificity in cross-seeding of protein from mann, 2004). While the benign PrP C conformer is modifferent species. Remarkably, substitution of a single nomeric and rich in α-helical structure, PrP Sc is characamino acid in a critical region encompassing residues terized by an increased proportion of β structure, partial 138 and 139 ( Figure 1A ) is sufficient to transform the resistance to proteolysis, and a propensity to aggregate properties of these proteins to those of PrP23-144 from into amyloid fibrils and/or plaques. Although the preanother species. This study also demonstrated that secise nature of the pathogenic TSE agent remains conquence-based seeding barriers between proteins of troversial, a growing body of evidence supports the species A and B can be readily bypassed, and new barprotein-only hypothesis, according to which PrP Sc itself riers established, by an adaptation process that inis the infectious prion pathogen (Prusiner, 1982; Prusivolves preseeding of protein A with fibrils of protein ner, 1998). PrP Sc is believed to self-perpetuate by a from another species, leading to the emergence of a unique mechanism involving binding to PrP C and innew strain of fibrils A. The sequence and strain-dependucing a conversion of the latter protein to the PrP Sc dent seeding specificities of PrP23-144 fibrils as estabstate. Despite recent progress in understanding TSE lished in our previous study are summarized in Figure  pathogenesis , two features of the disease remain espe-1B. Building on these initial observations, we here procially puzzling. The first is the existence of multiple TSE vide long-sought direct biophysical evidence that spephenotypes (prion "strains") within the same mammacies-and strain-dependent seeding specificities of mammalian prion amyloids are fully encoded in distinct fibril conformations, and that cross-species seeding Figure 1B) . The patteristic of β sheet structure, the assignment of the 1639 tern of seeding barriers established in this study proband is less unambiguous as it may contain unresolved vided us with a unique opportunity to directly address contributions from β sheets and a random conformaa fundamentally important question: do species-depention. Bands at 1649 and 1664 cm −1 are believed to repdent seeding specificities of prion protein fibrils correresent an unordered structure and turns, respectively late with distinct fibril conformations? Here we have ap- (Surewicz and Mantsch, 1988) . In contrast to human proached this problem using Fourier transform infrared and mouse proteins, ShaPrP23-144 displays only one (FTIR) spectroscopy and atomic force microscopy very strong β sheet band at 1625 cm −1 , with a broad (AFM). random coil band centered at about 1648 cm −1 . Thus, FTIR spectroscopy provides information about proPrP23-144 amyloid fibrils display species-dependent tein secondary structure. This method is particularly differences in the secondary structure. well suited for studying amyloid fibrils since the amide Species-specific characteristics of PrP23-144 amy-I mode in infrared spectra is especially sensitive to β loids were further probed by atomic force microscopy. tional characteristics of amyloid fibrils, we have again used FTIR spectroscopy and AFM. Remarkably, I138M/ I139M huPrP23-144 amyloid, which acquired the seeding properties of ShaPrP23-144, shows the FTIR spectrum that is no longer characteristic of human protein but appears identical to that of ShaPrP23-144, with a single β sheet band at 1625 cm −1 ( Figure 3F) . A similar phenomenon was observed for the "humanized" variant of hamster protein, M138I/M139I ShaPrP23-144, the FTIR spectrum of which changed to the one of an authentic human protein (cf. Figures 3A and 3D) . Therefore, species-specific mutations that change the seeding specificity of PrP23-144 also alter the conformation of the amyloid, with mutant protein fibrils adopting the secondary structure of PrP corresponding to different species. Consistent with this picture, the FTIR spectrum of the I138M huPrP23-144 variant, which is indistinguishable in its seeding properties from human and mouse proteins, is essentially identical to that of huPrP23-144 and moPrP23-144 (Figure 3) . A strong correlation between mutation-dependent PrP23-144 seeding specificity and fibril conformation was further corroborated by atomic force microscopy ( Figures 4D-4F ). Consistent with FTIR data, I138M/I139M huPrP23- has acquired the seeding specificity of [Sha]. An analostrains of moPrP23-144 or I138M huPrP23-144 amyloid fibrils, emerging as a result of cross-species seeding, gous phenomenon of seed-induced "strain adaptation" was also observed for species-mimetic mutants of adopt the secondary structure of the parent seed. Next we examined the morphological features of difhuPrP23-144 (see Figure 1B) . The key question we address in the present study is, what is the conformational ferent strains of seeded moPrP23-144 fibrils. AFM micrographs reveal that the morphology of second-generabasis of this strain-dependent seeding specificity?
As shown in Figure 3B, (Figures 7D-7F) . Altogether, the data clearly indicate ments was performed with second-generation fibrils of the mouse-mimetic protein I138M huPrP23-144. Also in that formation of PrP23-144 amyloid by cross-species seeding is accompanied by the acquisition of fibril arthis case, the FTIR spectra of fibrils seeded with [Sha] or [hu138/139] do not resemble those of self-seeded chitecture from the parent amyloid template. I138M huPrP23-144 fibrils but, rather, are very similar to the spectra of ShaPrP23-144 and I138M/I139M Discussion huPrP23-144 fibrils (see Figures 6D-6F and 3E ). These spectral differences cannot result from the presence of Studies with conventional animals and transgenic mice have established that the efficiency of TSE infectivity is the seed, as this material accounts for only 2% (w/w) of all protein in the sample and thus is essentially invisiintimately linked to the degree of similarity between the amino acid sequence of prion proteins in the donor and ble in FTIR spectra. We therefore conclude that the new PrP amyloid using highly purified recombinant protein clearly argues that, at the basic mechanistic level, prion strains are a truly protein-only phenomenon resulting sequence is important only insofar as it confers a preffrom inherent conformational variability in amyloids. erence for a particular fibril conformation.
The present biophysical evidence for conformational correlates of PrP amyloid seeding specificity, together with the emerging principle of conformational adaptCross-Species Seeding: The Role ability, provides a unified explanation of prion strains of Conformational Adaptability and species barriers in TSE transmission. Our data While these considerations clearly point to amyloid fistrongly suggest that the infectivity is really a conforbril conformation as a key determinant of seeding mational property of a particular prion (i.e., PrP Sc ) strain, specificity in prion protein conversion, another layer of and that this conformation depends not so much on complexity is revealed by intriguing observations rePrP amino acid sequence as on the history of the strain. garding cross-species seeding between mouse and 
